We experimentally demonstrate that the spectral sensitivity of a Mach-Zehnder (MZ) interferometer can be enhanced through structural slow light. We observe a 20 times enhancement by placing a dispersion-engineered-slow-light photonic-crystal waveguide in one arm of a fibre-based MZ interferometer. The spectral sensitivity of the interferometer increases roughly linearly with the group index, and we have quantified the resolution in terms of the spectral density of interference fringes. These results show promise for the use of slow-light methods for developing novel tools for optical metrology and, specifically, for compact high-resolution spectrometers.
Slow light has fascinated the physics community for over two decades [1, 2] . The slowdown of light has been observed in a diverse range of media including atomic vapors, optical fibers, and photonic crystals (PhCs) [3] . The ability to manipulate the speed of light has led to a wide variety of technological applications, for example, optical buffers, optical memories, laser radars, and enhanced spectrometers [1, 2, [4] [5] [6] [7] [8] .
Optical interferometry has benefited greatly from the use of highly dispersive materials [9] [10] [11] [12] [13] . For instance, it has been predicted that a Mach-Zehnder (MZ) interferometer with a slow-light medium in one of the arms will greatly enhance spectral sensitivity with respect to its conventional (non-slow-light) version [9] [10] [11] . This result holds promise for compact and efficient spectrometers [1, 8] . Nevertheless, up to this date, the improvement of the spectral sensitivity of interferometers has been demonstrated only in bulk optical setups, such as shearing and free-space interferometers, with highly dispersive crystals and atomic vapors [10] [11] [12] .
While not achieving the same extreme slow-down values as material slow light, slow light in nanophotonic devices, particularly in photonic crystal (PhC) waveguides, has many key advantages. Nanophotonic slow light structures are extremely compact, with low footprint and high mechanical stability compared to material slow light systems [3] . Furthermore, the availability of high-precision fabrication techniques and the use of common materials, e.g. silicon, makes nanophotonic slow light particularly interesting for applications [3] [4] [5] [6] . Here we demonstrate that structural slow light can dramatically improve the spectral sensitivity of an interferometer. Thus, we combine the enhancement to the spectral sensitivity with the advantages of nanophotonics. Specifically, we place a silicon PhC slow-light waveguide within a compact fiberbased MZ interferometer; see Fig. 1 . Our results show an enhancement of a factor of 20 in the spectral sensitivity of the interferometer, without increasing its physical size. This sensitivity is on par with that of previous implementations of material slow-light interferometers [10] , using a much more compact slow light structure (the total PhC footprint is on the order of 0.015mm 2 ) [10] [11] [12] . In order to demonstrate the advantage of adding a slow-light medium into a spectral interferometer, we discuss the phase difference ∆φ between two light beams passing through the two arms of a MZ interferometer. We assume that the phase difference is solely caused by propagation through a length L of slow-light material. The phase difference is defined as
where ω is the frequency of the propagating light, c the arXiv:1601.07820v1 [physics.optics] 28 Jan 2016 speed of light in vacuum, and n(ω) the refractive index of the medium. In practice, ∆φ is determined by performing intensity measurements of the interference pattern produced at one of the output ports of the interferometer:
where I 0 is the input intensity. The spectral resolution of the interferometer is determined by the minimum resolvable change in intensity due to a shift in frequency [14] . This change is quantified by the first derivative of the intensity with respect to the frequency:
We note that n + ω dn/dω is the definition of the group index, n g . Thus Eq. (3) can be rewritten as
We see that a larger group index leads to denser fringes, which in turn leads to the enhancement of the spectral sensitivity of the interferometer [14] . This enhancement depends on the product n g L. Thus using a slow light medium with a high n g reduces the physical size of the interferometer needed to achieve a given spectral sensitivity. The group index, n g , can be significantly higher than the refractive index, n, of a material and therefore slow light materials can significantly enhance the spectral sensitivity of interferometers [1, 2, 8] . In our experiment we measure the interference pattern formed at the output of the MZ interferometer as a function of wavelength λ. This measurement allows us to quantify the enhancement in resolution and sensitivity through an experimental parameter, the density of fringes per unit wavelength interval, N λ . An approximate expression for the local density of fringes over a small frequency range ∆ω can be derived by describing the refractive index of the dispersive material as n ≈ n 0 + (n g (λ) − n 0 )∆ω, where it is assumed that n g remains approximately constant over the narrow frequency range being considered. This approximation and the relation between wavenumber and frequency allows us to define the local fringe density as:
For a non-dispersive medium (n g = n 0 ), this equation recovers the result for a traditional free-space interferometer: N λ = n 0 L/λ 2 . For a slow-light medium, where n g > n 0 , the fringe density is increased. Thus, from Eq. 5, we expect a reduction in the fringe density with increasing wavelength and an increase in the fringe density with increasing group index. We recall that the group index itself is strongly wavelength dependent and increases monotonically with wavelength in the spectral region considered here.
We engineered the dispersive properties of our W1-based PhC waveguides through a shift of the first and second row of holes perpendicular to the waveguide direction [15] and include coupling interfaces to maximize the transmission [16] . The waveguide has a lattice constant of 416 nm, a hole radius of 124 nm, the silicon slab is 210 nm thick, and the first and second rows are shifted by 46 nm outwards and 16 nm inwards, respectively. The waveguide was fabricated according to [17] . A scanning electron microscope (SEM) image of the device is shown in Fig. 1 a) .
The slow light characteristics of the PhC waveguide are of fundamental importance to this study and were determined through Fourier spectral interferometry [18] . Due to the nature of our slow-light material and its mechanical stability, we chose a fiber-based MZ interferometer with The dependance of fringe density on group index ng for the same waveguide. We see that the fringe density, and consequently the spectral sensitivity, increases with the group index of the slow-light waveguide.
the slow-light waveguide in one of the arms. This setup is used as a proof-of-principle experiment to demonstrate the enhancement of the sensitivity due to structural slow light, see Fig. 1 b) . Light is coupled into and out of the waveguide using grating couplers that were etched at the same time as the PhC waveguide, see Fig. 1 a) . The optical output of the slow-light MZ interferometer is measured as a function of wavelength through the use of an optical spectrum analyzer (OSA). We use a broadband, amplified spontaneous emission (ASE) source spanning the wavelength range from 1525 nm to 1575 nm. The obtained interference pattern is shown in Fig. 2 a)-d) . The modulation of the fringe height is due to a resonant effect caused by reflections from the grating couplers of the PhC sample and is not intrinsic to a slow light interferometer. The increase in fringe density with wavelength is a consequence of the slow light effect in the PhC waveguide. The experimental measurement, Fig. 2 e) , shows the increase in group index as a function of wavelength. As predicted by Eqs. 4 and 5, when the dispersive properties of the material become significant, they lead to an enhancement of the resolution and sensitivity of the device. In Fig 3 a) we show the experimental characterization of the enhancement in sensitivity of our interferometer. We plot the fringe density of the slow-light MZ interferometer as a function of wavelength. The increased density at longer wavelength leads to an increase in the spectral resolution of the device. The red curve in Fig. 3 a) shows the fringe density predicted by our numerical simulation using a plane wave expansion approach (MPB [19] ). Further, the expected fringe density of a traditional (n g ≈ n) MZ interferometer is plotted in green. Clearly, there is a dramatic improvement in the fringe density, and therefore in the sensitivity of the interferometer, when a slow-light structure is incorporated within it.
For this particular PhC waveguide, our proof-ofprinciple experiments shows a 20 times increase in the sensitivity. This number is taken from Fig. 3 a) by calculating the ratio between the fringe density for the interferometer with (curve in red) and without (curve in green) the dispersive medium at a wavelength of 1556 nm. Further evidence of the role of the group index in determining the sensitivity of the interferometer is shown in Fig. 3 b) . In this case, the increased resolution of the device, quantified by its fringe density, exhibits a direct relationship with the group index, as described by Eqs. 3 -5. This group index dependance allows one to keep the physical size of interferometers small, creating the potential for compact spectrometers. The spectral sensitivity could be optimized for different applications by engineering the PhC waveguide properties. For instance, further increasing the resolution or creating spectral ranges with a constant enhancement.
In summary, we have demonstrated an enhancement of the spectral resolution, accompanied by enhanced sensitivity, of a MZ interferometer by incorporating a structural slow light component, in our case a PhC waveguide. This enhancement, which reached a factor of 20 in our experiment, can be further improved on through careful waveguide design. We demonstrated the increased sensitivity through a significant increase in the density of interference fringes. Enhanced-sensitvity interferometers have been an important subject of interest in the photonics community for the last ten years [1, 2, [4] [5] [6] [8] [9] [10] [11] [12] [13] . We therefore believe that our experimental results are an important starting point for further studies, including onchip implementations of our device. These results provide a path towards a new generation of compact sensitive devices and sensors utilizing light.
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